Abstract. Platelet-derived growth factor (PDGF)-C and PDGF-D are frequently upregulated in human cancers and play important roles in tumor progression, angiogenesis and metastasis. However, the distribution, frequency and prognostic value of PDGF-C and PDGF-D expression in gastric cancer have not been clarified. The present study evaluated the association between expression of PDGF-C and PDGF-D, clinicopathological factors and outcomes, in patients with gastric cancer. Gastric adenocarcinoma tumor samples were obtained from 204 patients who underwent curative gastrectomy between 2003 and 2007. The expression of PDGF-C and PDGF-D was analyzed by immunohistochemical staining. High expression of PDGF-C and PDGF-D was detected in 114 (56%) and 151 (74%) tumors, respectively. PDGF-D expression was significantly associated with tumor depth (P=0.039), histopathology (P<0.01), tumor stage (P=0.01) and recurrence (P<0.01), whereas PDGF-C expression correlated only with histopathology (P=0.05). High PDGF-D expression was also associated with significantly shorter relapse-free survival (RFS) time (P<0.01), whilst high PDGF-C expression was associated with marginally, but not significantly, shorter RFS (P= 0.10). On multivariate analysis, high PDGF-D expression was determined to be an independent prognostic factor (hazard ratio, 3.3; 95% confidence interval, 1.20-9.4; P=0.02). These findings indicate that high PDGF-D expression is strongly associated with tumor progression, recurrence, distant metastasis and poor outcomes in patients with gastric cancer. PDGF-D may therefore be an independent prognostic factor and a novel therapeutic target.
Introduction
Gastric cancer is the fourth leading cause of cancer-related mortality worldwide. There are ~989,600 new cases and 738,000 mortalities per year, accounting for ~8% of new cancer cases (1) . Complete surgical resection is the only potentially curative treatment for localized gastric cancer. However, clinical outcomes of patients with advanced gastric cancer remain poor. The majority of patients with advanced gastric cancer experience recurrence or metastasis despite curative resection (2) and, even with intensive chemotherapy, the median survival time of patients with recurrent or metastatic disease is ≤13 months (3) .
Receptor tyrosine kinases, including human epidermal growth factor receptor (HER) and vascular endothelial growth factor, are important in cancer progression and are associated with survival in patients with gastric cancer (4) (5) (6) (7) (8) (9) (10) (11) . A number of anticancer drugs designed to inhibit signaling pathways of tyrosine kinases have been evaluated in patients with unresectable or metastatic gastric cancer (12) (13) (14) ; however, only trastuzumab (anti-HER2) has been demonstrated to be effective (15) . Furthermore, only 23-24% of cases of gastric cancer exhibit overexpression of HER2, the target of trastuzumab (16, 17) . Thus, an improved understanding of the molecular pathogenesis involved in tumor progression and survival is necessary to establish more effective therapeutic targets and to improve outcomes in patients with gastric cancer.
Platelet-derived growth factors (PDGFs) are receptor tyrosine kinases that regulate diverse cellular functions, including cell proliferation, transformation, migration and embryonic development (18) . PDGFs consist of four different polypeptide chains (PDGF-A, -B, -C and -D) that are assembled into disulfide-bonded dimers via homodimerization of heterodimers in order to play their functional role. So far, four homodimers (PDGF-AA, -BB, -CC and -DD) and one heterodimer (PDGF-AB) have been described (19) . PDGF isoforms exert their biological functions by activating two structurally related receptor tyrosine kinases, PDGF receptors (PDGFRs) α and β. Upon binding of dimeric PDGF to PDGFR-α and -β, dimerization and activation of these receptors occurs. The receptors may combine to generate homo-or heterodimers, resulting in three possible combinations: PDGFR-αα, PDGFR-ββ and PDGFR-αβ,
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which have different affinities for the four PDGFs. Activated PDGF-C is a high affinity ligand for PDGFR-α homodimers, but fails to bind to and activate PDGFR-β homodimers. By contrast, activated PDGF-D is a high affinity ligand for PDGFR-β homodimers, but fails to bind to and activate PDGFR-α homodimers (20) . PDGF-C and PDGF-D are also expressed in a number of types of tumor and various tumor cell lines, and are associated with tumor progression and angiogenesis (21, 22) . PDGF-C overexpression is observed in glioblastoma, Ewing family sarcoma and lung carcinoma cell lines (22) (23) (24) , whilst PDGF-D is frequently upregulated in prostate, lung, renal, ovarian, brain and pancreatic cancers (21, 22, (25) (26) (27) (28) (29) . Although PDGF-D overexpression has been observed in gastric cancer tissues when compared with normal tissues (30) , the distribution, frequency and prognostic value of PDGF-D and PDGF-C expression in gastric cancer have not been clarified.
The purpose of the current study was to evaluate the association between the expression of PDGF-C and PDGF-D, clinicopathological factors and outcomes in patients with gastric cancer. Table I . No patient received anticancer treatment prior to surgery. Each tumor was classified according to the tumor-node-metastasis classification criteria recommended by the Union for International Cancer Control (31) . All patients were evaluated for recurrent disease by diagnostic imaging, including computed tomography, ultrasonography and endoscopy, every 3-6 months. The median follow-up time was 60 months (range, 5-111 months). Recurrent disease was diagnosed in 51 patients (25%). There were 48 mortalities (24%) due to metastatic gastric cancer, and 11 (5%) due to other diseases in the absence of recurrence. This study was approved by the Institutional Review Board of Tokyo Medical and Dental University. Written informed consent was obtained from all patients.
Materials and methods

Patients
Immunohistochemical staining of PDGF-C and PDGF-D.
Immunohistochemical staining was conducted using the Simple Stain MAX PO method with a Histofine Simple Stain MAX PO (MULTI) (Nichirei Biosciences, Inc., Tokyo, Japan). The goat polyclonal IgG antibody against human PDGF-C (#sc-18228) was purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA), and the rabbit polyclonal antibody against human PDGF-D (#PAB4843) was purchased from Abnova (Taipei, Taiwan). All available hematoxylin and eosin-stained slides of the surgical specimens were reviewed. For each case, representative paraffin blocks were selected for immunohistochemical studies. The 4 µm-thick sections were cut from formalin-fixed, paraffin-embedded tissue blocks. Following deparaffinization and rehydration in graded concentrations of ethanol, antigen retrieval treatment was performed at 98˚C (microwave) for 15 min in a pH 9.0 retrieval solution (Nichirei Biosciences, Inc.) prior to treatment with 3% hydrogen peroxide (Wako Pure Chemical Industries, Ltd., Osaka, Japan) for 15 min to quench endog- Table II . Association between PDGF-C and PDGF-D expression, primary tumor and metastatic lymph nodes. ). Expression levels of PDGF-C and PDGF-D were evaluated based on cytoplasmic staining intensity and positive frequency, and were classified into two groups (high expression or low expression). Staining intensity was scored into four grades: 0 (none), 1 (weak positive), 2 (moderate positive) or 3 (strong positive). Staining extent (positive frequency) was scored into four grades: 0, <25%; 1, 25% to <50%; 2, 50% to <75%; or 3, ≥75%. Composite scores were derived by adding the intensity score to the extent score. For statistical analysis, composite scores of ≥4 were defined as high expression, and scores of <4 were considered low expression. Normal tissues from the same patients were used as controls. In negative controls, the antibodies were replaced by normal goat or rabbit IgG (Santa Cruz Biotechnology, Inc.). Colorectal cancer and hepatocellular carcinoma tissues, which exhibit high expression, served as positive controls.
Statistical analysis. The χ 2 test was used to test possible associations between the expression of PDGF-C or PDGF-D and clinicopathological factors. It was also used to assess correlations between PDGF-C and PDGF-D expressions. Kaplan-Meier curves were plotted to assess the association between PDGF-C and PDGF-D expression and relapse-free survival (RFS). Survival curves were compared using the log-rank-test. P<0.05 was considered to indicate statistical significance. A multivariate Cox proportional hazards regression model was used to assess the prognostic significance of PDGF-C and PDGF-D expression and a number of clinicopathological factors. Statistical analysis was conducted using SPSS software, version 20 (IBM SPSS, Armonk, NY, USA). The expression of PDGF-C and PDGF-D was also evaluated in 89 metastasis-positive lymph nodes; 81% of the samples were found to exhibit high expression of PDGF-C, and 87% displayed high expression of PDGF-D. These frequencies were higher than those observed in the primary tumors. However, there was no significant association between expression of either PDGF-C of PDGF-D in the primary tumor and that in metastatic lymph nodes (Table II) . Table III . Clinicopathological factors and expression of PDGF-C and PDGF-D. PDGF, platelet-derived growth factor; TNM, tumor-node-metastasis. .01, respectively) and tended to be associated with lymph node metastasis (P=0.07) (Table III) .
Results
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Prognostic significance of PDGF-C and PDGF-D expression.
High PDGF-D expression was associated with significantly shorter RFS time relative to the low expression group (mean, 81 vs. 101 months; P<0.01), whilst high PDGF-C expression was associated with marginally, but not significantly, 
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shorter RFS compared with the low expression group (mean, 82 vs. 90 months; P=0.10). The prognostic relevance of high PDGF-C and PDGF-D expression was assessed using a multivariate proportional hazards regression model adjusted for the established clinical prognostic factors (i.e., histopathology, tumor depth, lymph node metastasis). High PDGF-D expression was determined to be an independent prognostic factor [hazard ratio (HR), 3.6; 95% confidence interval (CI), 1.3-10.4; P=0.02], whereas PDGF-C was not (P=0.48). Histopathology (HR, 1.8; 95% CI, 1.0-3.3; P=0.05), tumor depth (HR, 9.5; 95% CI, 2.2-41.0; P<0.01) and lymph node metastasis (HR, 5.4; 95% CI, 2.2-13.1; P<0.01) were also independent prognostic factors (Table IV) .
Discussion
The present study demonstrated that high PDGF-D expression was significantly associated with tumor depth, recurrence, distant metastasis and poor survival in patients with gastric cancer, whereas high PDGF-C expression tended to be associated (non-significantly) with distant metastasis, recurrence and shorter RFS. PDGF-D is frequently upregulated in various types of cancer and plays an important role in tumor progression, angiogenesis and metastasis through multiple oncogenic pathways, including the phosphatidylinositol 3-kinase/Akt, nuclear factor-κB (NF-κB), extracellular signal-regulated kinase, mammalian target of rapamycin, mitogen-activated protein kinase and Notch pathways (12, 25, 26, 29) . Wang et al (26) demonstrated that PDGF-D was associated with cancer invasion and angiogenesis in pancreatic carcinomas via the regulation of Notch-1 and NF-κB signaling. Ustach et al (27) demonstrated that PDGF-D expression markedly accelerated tumor growth in prostate carcinoma cells, suggesting the potential oncogenic activity of PDGF-D. Xu et al (29) reported that overexpression of PDGF-D in renal cell carcinoma cells promoted tumor growth, angiogenesis and metastasis. These data suggest that PDGF-D overexpression may be associated with human cancer progression. Accordingly, the present results support the idea that high expression of PDGF-D in cancer may be important in tumor progression.
Furthermore, PDGF-D may also be associated with the epithelial-to-mesenchymal transition (EMT), an important process for tumor metastasis, via a number of signaling pathways, including Notch and NF-κB (32-34). Kong et al (32) reported that high expression of PDGF-D was significantly associated with the induction of EMT in prostate cancer cells.
As PDGF-D exerts oncogenic activity via the regulation of tumor cell growth, invasion and metastasis, PDGF-D signaling pathways are a potential therapeutic target for the treatment of human cancers. Notably, Kong et al (25) reported that blocking the expression and activation of PDGF-D in prostate cancer cells led to the inhibition of cell proliferation, invasion and angiogenesis. In addition, Zhao et al (35) reported that silencing PDGF-D using RNA interference significantly attenuated the proliferation and invasion of gastric cancer cells that overexpressed PDGF-D. Furthermore, Lokker et al (22) demonstrated that blocking PDGF-D/PDGFR signaling inhibited survival and mitogenic pathways in glioblastoma cell lines and prevented glioma formation in a nude mouse xenograft model. However, antagonizing PDGF-D via small-molecule inhibitors or neutralizing antibodies has not been evaluated in human cancer. The current results suggest that PDGF-D may be a therapeutic target for advanced or metastatic gastric cancer. Furthermore, PDGF-D overexpression was detected in 85% of advanced gastric cancers in the present study, indicating that antagonizing PDGF-D may be a useful therapeutic strategy.
PDGF-C is also associated with tumor growth, and a number of studies have demonstrated its role in tumor growth to date (22, 36, 37) . Lokker et al (22) reported that PDGF-C autocrine signaling may play a role in the progression of brain tumors, such as glioblastoma and medulloblastoma. Anderberg et al (36) reported that that paracrine signaling of PDGF-C accelerated tumor growth through recruitment and activation of cancer-associated fibroblasts in malignant melanoma. These findings indicate that overexpression of PDGF-C accelerates tumor growth through autocrine and paracrine signaling. In fact, Yamauchi et al (37) reported that PDGF-C overexpression in colorectal cancer was associated with significantly poorer overall survival and RFS, and was an independent risk factor for recurrence. However, in the present study, PDGF-C overexpression in gastric cancer showed no significant correlation with tumor growth, distant metastasis and recurrence, in contrast to PDGF-D overexpression. This result indicates that the role of PDGF-C overexpression may be less important than that of PDGF-D in the progression of gastric cancer. However, further investigation of the molecular function of PDGF-C in gastric cancer is required.
PDGFR-β is a receptor for PDGF-C and PDGF-D. Guo et al (38) reported that PDGFR-β was overexpressed predominantly in tumor stromal cells and was positively correlated with tumor depth, lymph node metastasis and tumor stage in gastric cancer. Considering the results of the current study, it is possible that PDGF-D accelerates tumor growth through the activation of adjacent stromal cells; however, further studies are necessary to clarify this.
In conclusion, high PDGF-C and PDGF-D expression were associated with tumor progression and poor survival in patients with gastric cancer. In particular, PDGF-D was frequently expressed in gastric cancer and was associated with tumor progression and poor prognosis. PDGF-D signaling pathways may be a prognostic factor related to recurrence following curative surgery, and could serve as a novel target for the treatment of gastric cancer.
